I N T R O D U C T I O N
The SX Phoenicis star BL Camelopardalis was catalogued as a possible white dwarf candidate(GD 428) by Giclas, Burnham & Thomas (1970) , but it varies by 0.33 mag over a period of 0.0391 day. The variability of BL Cam was first discovered by Berg & Duthie (1977) . They indicated that the star had a very stable light curve, but further observations showed a complex situation. The nature of this variable is still uncertain. McNamara & Feltz (1978) calculated the physical parameters of the star and derived its evolutionary status along with a general discussion on the nature of the dwarf Cepheids, which we now commonly call large-amplitude d Scuti stars (if they belong to Population I) or SX Phe stars (if they belong to Population II). Percy, Matthews & Wade (1980) calculated the period changes to be expected both in pre-white dwarf models and post-mainsequence models and compared them with the observed period changes for eight large-amplitude d Sct stars. However, they did not provide any definite information on the evolutionary stage of the stars. Rodrõ Âguez et al. (1995) indicated that none of the observational features of SX Phe and Population I large-amplitude d Sct stars seems to be explained by evolutionary models. They collected the observed period changes in SX Phe (Population II) and Population I d Sct stars and compared them with those expected from different stellar evolutionary tracks inside the lower instability strip. Period change is one of the probes of the interior of a variable. The more knowledge of the intrinsic cause of period variations we obtain, the clearer picture of the evolution we will have.
Most recently, Hintz et al. (1997, hereafter H97) showed that BL Cam is multiperiodic in nature. They presented a time-series analysis of BL Cam in the light of extensive CCD photometry which covered 39 cycles. They concluded that BL Cam is a double-mode variable with a primary period of 0.039 d, a secondary period of 0.0306 d, and a p 1 /p 0 ratio of 0.783. The fundamental period p 0 has increased by 0.009 s in the last 20 yr, judging by the observed minus calculated (O-C) fitting of 69 times of maximum light with a second-order polynomial. However, the double-mode result strongly depends on the Fourier decomposition of the data of three consecutive nights, each containing six maxima.
New photometric observations of BL Cam have been secured using a three-channel photometer in the winter of 1996. Here, the authors will re-examine all the published times of maximum light up to now, and perform a general period analysis utilizing the new time-series data.
O B S E RVAT I O N S
New photoelectric photometry was obtained with the 85-cm reflecting telescope from 1996 November 14 to December 29 at the Xinglong Station of Beijing Astronomical Observatory, China. The detector employed is a three-channel photoelectric photometer P45-A, the same used in the Whole Earth Telescope campaign (WET, Nather et al. 1990 ). P45-A was equipped with a standard Johnson UBV filter system and an ST-6 camera for guiding. As in previous works on this star, V-band photometry was obtained. The programme star and comparison star were positioned in the first and second channel, respectively. The sky background is simultaneously recorded through the third channel. To correct for the instrumental differences between channels, we q 1999 RAS w E-mail: aiying@class1.bao.ac.cn (A-YZ); eloy@iaa.es (ER) cross-calibrated the three channels by measuring sky brightness at the beginning and end of each run. Although the comparison star (RA 03 h 48 m 26X s 53Y DecX 63825 H 070 X 8Y 2000X0Y 12X7V) was chosen somewhat arbitrarily for the convenience of guiding, no evidence of variability was found. The star light was exposed once every 10 s; consequently, the feature of the light curve of BL Cam was clearly drawn out. We obtained 58 new times of maximum light with as many as eight maxima covered during a single night (see Fig. 1 and Table 1) .
In 1996 October, we obtained uvbyb observations of four maxima with the 0.9-m telescope at Observatorio de Sierra Nevada, Granada, Spain. In 1992, uvbyb photometry of BL Cam was performed with the 1.5-m telescope at Calar Alto Observatory, Spain. Seven times of maximum light were obtained. The uvbyb data amount to 192 data points and the y colour data are considered in this paper. Between 1991 February 10 and 12, one of the authors (Jiang) observed BL Cam by using the 1-m reflector at Yunnan Observatory of China. A total of 111 differential measurements and seven maxima were reduced. The time series used in the present work are summarized in Table 2 . In the next section we only mention the reduction of the first part of the data.
D ATA R E D U C T I O N
The initial reduction of the observational data was processed by an auxiliary programme after rejection of poor data, especially observations affected by weather or guiding errors. First, dead time was corrected for all three channels. Then the sky measurements were multiplied by a gain ratio determined from the cross-calibrations for each of the three channels. Last, the sky background was subtracted from the data of both the variable and comparison channels on a point-to-point basis. In order not to introduce any additional scatter to the data, the time series of the sky measurements were smoothed whenever possible. We used a routine to convert the times into Heliocentric Julian Date (HJD) and to compute differential magnitudes between the variable and the comparison star. No corrections were applied for differential extinction between the channels. Fig. 1 shows a night's light curve of BL Cam.
All measurements were summed into 60-s bins so as to optimize possible data scatter. The effect of averaging data on the amplitude of a signal was studied by Handler et al. (1996) . For BL Cam, if the period is 0.039 d, we estimate that the decrease in amplitude (about 6.6 mmag) caused by averaging is less than 4.45 per cent of the amplitude of fundamental mode for our sampling and data bin. We consider that this effect is negligible, and means were taken of groups of six points. Consequently, 2987 differential measurements (present data: data set P) cover a time span of 100 h and a duration of 45 d. The differential magnitudes with respect to HJD were then used to examine the periodic behaviour of BL Cam.
From Fig. 1 , we confirm the amplitude variation shown in fig. 2 of H97. There are two distinct shapes of light curves, in which one is less symmetric and generally contains a brighter maximum; the other is more symmetric with a fainter maximum. The two different light-curve shapes do not occur alternately. This causes a q 1999 RAS, MNRAS 308, 631±639 problem in determining the times of maximum light, which may be greatly affected by the selected methods. Accordingly, the light curves around each maximum were fitted by a Gaussian function several times in different ranges so as to calculate mean times of maximum light. We obtained 58 new times of maximum light. All maxima, including 11 obtained in Spain and seven derived from the unpublished data of Jiang Shi-Yang (1993) are listed in Table 1 .
P E R I O D A N A LY S E S 4.1 Constancy of the comparison star
It is important to check the constancy of the comparison star in the frequency range of interest for the program star before constructing differential time series. We summed the data of Channel 2 in 60-s bins, converted the times of measurements into HJD and calculated amplitude spectra and significance level for these data.
A search for possible variations with time-scales from minutes to hours or longer gave negative results. The significant level is defined as the average amplitude in an oversampled amplitude spectrum in the domain where the suspected frequencies are located. The oversampling can be described as Df 1a20DTY where Df is the sampling interval in the spectrum and DT is the length of a data set (Handler et al. 1996) . Breger et al. (1994) proposed an empirical criterion, that an amplitude signal-to-noise (S/N) ratio larger than 4 usually corresponds to a peak intrinsic to the target. This has proved to be a useful guideline. We find that the noise level is around 0.003 mag. No peak in the amplitude spectrum approaches the level at which we would consider it to be real in the frequency range higher than 20 cycle d 21 . We note, however, that frequencies lower than 20 cycle d 21 with amplitudes of a few mmag will be questionable.
Period variations from O-C
The new observed minus calculated times of maximum light together with those collected from the literature are plotted in Fig.  2 against the number of cycles E elapsed from the initial epoch of the ephemeris provided by McNamara & Feltz (1978) :
where C is the calculated time of maximum light. We have adopted 69 individual times of maximum light from H97. Together with the times in Table 1 , a total of 136 maxima are included in this analysis. The Sierra Nevada's four maxima and the five maxima of Jiang Shi-Yang (1993) are of poor quality and were omitted.
Weights were assigned to all the times of maximum. For the new times and the 39 times obtained by H97, each was assigned a weight of 2, 1 whilst others had weights of 1. A linear ephemeris determined through a least-squares fit gives
with a standard deviation of s 0X0023 (see Fig. 2 ). Then we attempted a quadratic solution using a second-order polynomial fit to the residual data. The s improved sharply to 0.0013. We find
as the result fitted by both linear and quadratic functions (see Fig. 3 ). The values are in good agreement with that of H97, except for the last term, which gives a period change rate of 7X1457 Â 10 213 E 2 d cycle 21 X
Multiperiod analysis by Fourier transform
In order to search for the existence of multiple modes in BL Cam and to calculate a reliable synthetic light curve, we used a singlefrequency Fourier transform and a multiple-frequency leastsquares fitting implemented in the program period96 (an updated version of period : Breger 1990; Sperl 1996) . This analysis depends first on a successive prewhitening procedure. Prewhitening was done by subtracting a synthetic light curve from the data by simultaneously optimizing the frequencies, amplitudes and phases of previously identified periods. The following trial frequencies were produced successively over a significant level of 11 mmag for the data set P: 25. To check whether a new frequency affects the previously found frequencies and their amplitudes and phases, we readjust them together. We determined the residuals between the light curve and the fit for several trial frequencies, and adopted the values that yielded the smallest residuals. However, the fitting residuals were slowly improved when a new frequency was introduced (see Table 3 ). Nonetheless, the relatively large residuals are normal for large-amplitude d Sct stars. In Fig. 4 , the panels following the spectral window show the prewhitening processes: the residuals after subsequent removal of the variations caused by each group, with frequencies simultaneously optimized. After four independent frequencies plus other two harmonics and two combination frequencies are prewhitened, the residual reaches 0.0279 mag. The residual of eight-frequency fitting indicates that no more frequencies can reasonably be assumed to be present in the data. S/N ratios suggest the selected frequencies to be at a reasonable level. The power spectra of the residuals are still not consistent with white noise, however (see power spectrum 08 of Fig. 4) . The final values of these frequencies were determined by calculating a simultaneous multifrequency fit to the data, until no new frequencies could be identified with confidence.
The analyses above were independently checked through other two period analysis programs, minfren (its old version was described in Lo Âpez de Coca, Garrido & Rolland 1984) and mfa (Hao Jin-Xin 1991) . By using these two programs, whenever one specifies a frequency range and the number of frequencies, prewhitenings are performed automatically. Finally, the programs apply multiple frequency fitting to the data in both linear and nonlinear forms. The consistent solution is listed in Table 3 .
However, the suggestion of a new radial overtone of 32.6443 cycle d 21 given by H97 was not fully supported. This may be attributed to its low statistical significance, lower than 4 times the S/N ratio. We repeated several times decompositions with minifren to the data set P to justify its reality. An attempt to fit the two frequencies 25.5455 and 32.6443 cycle d 21 given by H97 resulted in a residual of 0.10 mag. A reanalysis of H97's data (data set H) with period96 shows few differences from their results (see Table 3 ). This frequency may have been aliased from the intrinsic value of 31.5909 cycle d
21
, because it is known that the frequencies can be strongly affected by the length of a data set. On the other hand, a new frequency of 25.2454 cycle d 21 was found.
We have paid close attention to the combination of all the data sets in Table 2 . The combined data cover a time span of about 2150 d from 1991 February to 1996 December. We graph the spectral window and power spectra in Fig. 5 and the fitted light curves in Fig. 6 . Results are given in part C of Table 3 . Now, more closely spaced frequencies around 25 are resolved and the values of the frequencies in part P are slightly changed. There is still a difference from the solution of part P if we consider the combination of the data sets P and H only, but it is small. We also list the results in part C2 of Table 3 .
D I S C U S S I O N

Frequency solution and pulsational mode
We can now attribute the variability of the light curves of BL Cam to the multifrequency modulation. The synthetic light curves drawn in Fig. 6 bring the asymmetry changes to light. Not only is the fundamental period modulated by other modes, but its amplitude also varies with time. Amplitude variability is supported by single frequency fitting to the differential light curves. For the data set H, an amplitude of 0.1455 mag was found, while for the data set P we found an amplitude of 0.1447 mag. Considering the comprehensive analyses presented in Section 4, we can draw the conclusion for BL Cam that the star has a number of closely spaced pulsational frequencies around the fundamental mode 25.5768 cycle d
21
. We choose the results of the combined data set C in Table 3 as the final frequency solution of BL Cam.
The identification of the observed frequencies of pulsation with particular modes requires a knowledge of the basic parameters of the star. A rough estimate of stellar physical parameters can be obtained from uvbyb photometry. However, our uvbyb data set is too limited to make such an estimation. An observational mode identification requires extensive Stro Èmgren photometry. Here we q 1999 RAS, MNRAS 308, 631±639 Table 3 . Final multiple-frequency solutions of BL Cam consistently resolved by three period analysis programs. Part P denotes the data set P. A re-analysis of H97's data is given in the middle part (H). Part C lists the results of the combined data sets J R H PY while C2 is for H PX Frequencies are arranged in their order of occurrence while undertaking Fourier decompositions. The`Residual' following each frequency refers to the standard deviation of the best fit with all the frequencies identified. The fitting errors of frequencies range from 3 Â 10 26 for f 0 to 1 Â 10 25 for other frequencies, and those of amplitudes range from 0.001±0.0008 mag.
Part
Freq Figure 4 . Spectral window and power spectra of the new time-series data set P. Power spectrum 01 shows the first frequency item in part P of Table 3 , power spectrum 02 the second item and so on. Ordinates are in powers of mag, abscissae in cycle d
21
.
q 1999 RAS, MNRAS 308, 631±639 Figure 5 . Spectral window and power spectra of the combined time-series data set C. Power spectrum 01 shows the first frequency item in part C of Table 3 , power spectrum 02 the second item and so on. Ordinates are in powers of mag, abscissae in cycle d 21 .
intend to supply a test constraint on BL Cam by calculating pulsation constants Q i . Based on the following parameters of BL Cam given by McNamara (1997) 
FeaH 22X40Y the observed pulsation constants Q i of each frequency were calculated by the formula log Q i 26X454 1 log P i 1 0X5 log g 1 0X1M bol 1 log T eff 4
q 1999 RAS, MNRAS 308, 631±639 (Petersen & Jùrgensen 1972) . The constant 26.454 is based on solar values. The Q value fortunately varies slightly with period and metal abundance. We therefore prefer to adopt Q 0 0X0309 d suggested by Stellingwerf (1979) and McNamara (1997) . This consideration simplies equation (4) as
The calculated Q values are listed in Table 4 . The closely spaced frequencies around f 0 with similar Q values could be non-radial p modes. The values of M bol , log g and T eff may have strongly affected the calculation and they are subject to errors. An intensive Stro Èmgren photometry of BL Cam will be useful to reveal its multiple-mode behaviour and to discriminate between its pulsational modes.
Period ratio, mass, metallicity and evolutionary status
If we regard f 3 as the first overtone, the period ratio of the first overtone to the fundamental mode p 1 /p 0 is 0.810. This period ratio value is the highest of the known metal-poor double-mode SX Phe stars. This means that BL Cam differs greatly from other SX Phe stars in nature. It is not possible to determine the mass accurately from the period ratio p 1 /p 0 alone, owing to the insensitivity of p 1 /p 0 to mass for short periods (Cox, King & Hodson 1979) . In some cases, p 1 /p 0 also depends critically on the helium abundance in the ionization zones. For the Population II dwarf Cepheids, at the appropriate luminosity and effective temperature, the mass range is 1X0 , M , 1X2 M ( Y which corresponds to the values suggested by Nemec & Mateo (1990) ; Kim (1996) . If dwarf Cepheids, however, can be envisaged as pre-white dwarf objects, the masses of which are about 0.5 M ( , they are in an advanced evolutionary state. Longer period dwarf Cepheids must have larger masses, radii and luminosities if we match the normal evolutionary tracks. In considering the mass of the short-period dwarf Cepheids such as BL Cam and SX Phe with low Z, the immediate post-mainsequence mass cannot be much smaller than 1 M ( because lower masses never attain T eff values as large as actually observed.
Theoretical calculation indicated that the period ratios of normal mass Poplation I models are lower than the observed values of the high-amplitude d Sct stars. The computed period ratios were too small for d Sct stars, while those for the Cepheids were too large (Christensen-Dalsgaad 1993) . In fact, for the highamplitude d Sct variables, the observed range of period ratio is 0.768±0.778. The standard models of Andreasen, Hejlesen & Petersen (1983) situated inside the instability strip with period 0X03 d < p 0 < 0X3 d have period ratios p 1 /p 0 in the intervals 0.757±0.768, 0.764±0.787 and 0.780±0.789 for Z 0X02Y 0.004 and 0.0004, respectively. The observed period ratios therefore require Z < 0X02X The upper limit of 0.787 for Z 0X004 occurs for a model with mass M 0X1 M ( close to the zero-age main sequence (ZAMS). According to Petersen & ChristensenDalsgaard (1996) , the theoretical period ratio values are restricted to 0.780 for the metal-poor stars. These limits agree precisely with the values given by Jùrgensen & Petersen (1974); Fitch (1981) . Period ratios larger than p 1 ap 0 0X74 (i.e. the d Sct stars) are very sensitive to composition (Petersen 1979) . From these figures, the increase in period ratios with decreasing Z is clear. However, the correlation between [Fe/H] and period ratio is not as strong as shown in table 2 of Petersen & Christensen-Dalsgaard (1996) and as discussed earlier by Petersen & Jùrgensen (1972) . Furthermore, the relation is not so clear as that suggested by H97. Concerning other field SX Phe stars, we think that the lowest [Fe/H] value of 22.40 (Z 0X00008 if X 0X75) for BL Cam (Nemec, Nemec & Lutz 1994; McNamara 1997) agrees with a higher period ratio. The highest period ratio and lowest metal abundance will locate BL Cam in a later evolutionary state. The complexity of the multiple-frequency pulsation of BL Cam added to its metallicity challenges observers to investigate other members of its family in detail.
C O N C L U S I O N S
On the basis of new photometric data, we present a period analysis of the SX Phe star BL Cam. BL Cam is a multiple-frequency pulsator with both radial and non-radial modes. A harmonic feature of double and triple frequency as well as combination frequency terms is resolved: 2f 0 , 3f 0 , f 0 1 f 1 Y f 0 1 f 2 and f 0 1 f 3 X We find f 0 25X5768Y f 1 25X2982Y f 2 25X8622Y f 3 31X5912Y f 4 25X1065Y f 5 25X5147 and f 6 25X6188 cycle d
21 . The multiple periodic modulation explains the observed amplitude variability and the variations of light curves. f 1 to f 6 (except f 3 ) could be non-radial p modes, but an observational mode identification is premature because of the insufficiency of uvbyb photometry. Accurate astrophysical parameters and extensive observations are needed to explain this star in detail.
The extensive fitting of 136 times of maximum light shows that the main frequency derived in the O-C analysis is quite consistent with the fundamental frequency decomposed by Fourier transforms. The fundamental frequency is increasing at a rate of 7X1457 Â 10 213 d cycle 21 X 
